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Glycer aldehyde- 3 -phosphate dehydrogenase (EC 
1.2.2,12) (GAPDH) mRNA levels, protein, and enzy- 
matic activity increase in 3T3-F442A adipocytes after 
exposure to physiological concentrations of insulin 
(Alexander, M., Curtis, G., Avruch, J., and Goodman, 
H. (1985) J, Biol. Chem, 260, 11978-11985). In order 
to understand the mechanism of this regulation, we 
have isolated and sequenced 5.4 kilobase pairs of a 12- 
kilobase pair human genomic clone encoding a func- 
tional GAPDH gene. The gene consists of 9 exons and 
8 introns with eukaryotic signals necessary for the 
transcription and translation of GAPDH mRNA. The 
exon sequence confirms previously published cDNA 
sequences for human GAPDH in muscle, liver, and 
erythrocytes. The organization of the human and the 
unique chicken GAPDH genes is strikingly similar. 
Although chicken exons VIII— XI have been fused into 
human exon 8, introns which separate exons encoding 
the NAD binding, catalytic, and helical domains of the 
GAPDH protein have been retained. Stable transfec- 
tion of rodent cells with the intact human GAPDH gene 
resulted in the expression of a correctly initiated hu- 
man GAPDH mRNA and an enzymatically active hu- 
man GAPDH polypeptide. Thus, the gene contains a 
functional promoter and intact coding sequences. Al- 
though many processed GAPDH pseudogenes and 
GAPDH-like sequences are present in the human ge- 
nome, gojHttern. blot ^analysisj^f human genomic DNA 
u sing a probe derived from the 3 '-untranslated region 
of the GAPDH gene aetec ted only" two genes, a 10- copy 
processed pseudogene and a single copy of the isolated 
gene . In contrast, a probe derived from an mtron seg- 
ment of the isolated gene detected only a single copy of 
the GAPDH gene. Collectively, these findings strongly 
suggest that the human genome encodes a single func- 
tional GAPDH gene. 



The glycolytic enzyme glyceraldehyde-3-phosphate dehy- 
drogenase (EC 1.2.2.12) (GAPDH) 1 catalyzes the conversion 
of glyceraldehyde 3-phosphate to 1,3-diphosphoglycerate (1- 
3). GAPDH is a tetramer composed of identical subunits of 
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l The abbreviations used are: GAPDH, glyceraldehyde-3-phos- 
phate dehydrogenase; kb, kilobases; pghGAPDH, 12-kb human ge- 
nomic segment encoding GAPDH subcloned into pUCl2; SDS, so- 
dium dodecyl sulfate. 



37,000 molecular weight (2, 3), The activity of the enzyme is 
regulated by several glycolytic metabolites and by the associ- 
ation of the enzyme with cell membranes (4, 5). Our interest 
in GAPDH stems from recent observations that insulin in- 
creases GAPDH gene transcription in 3T3-F442A adipocytes 2 
which results in a proportionate increase in GAPDH mRNA 
levels and enzymatic activity in these cells (6), This effect 
and other effects of insulin on diverse metabolic processes is 
initiated through the interaction of insulin with a ligand- 
specific cell surface receptor with intrinsic tyrosine kinase 
activity (7). The events subsequent to this interaction that 
result in alterations in gene expression have yet to be eluci- 
dated. As current concepts suggest that alterations in gene 
transcription may result from a direct interaction of trans- 
acting factors with cw-acting sequences in hormone-regulated 
genes, utilizing the sequences responsible for insulin-mediated 
regulation of this gene should allow us to isolate and identify 
trans-acting factors that mediate the effect of insulin on 
GAPDH gene transcription. Thus, we sought to isolate a 
functional GAPDH gene. 

Although somatic hybrid studies have localized a functional 
GAPDH gene to chromosome 12 and no isoenzymatic forms 
of the gene with glycolytic activity have been described (8), 
recent reports have demonstrated that GADPH belongs to a 
large multiple gene family. This gene family contains 150 or 
more GAPDH4ike sequences, many of which are processed 
pseudogenes (9, 10). Thus far, attempts to clone the human 
GAPDH gene have resulted in the isolation of two processed 
pseudogenes for GAPDH localized to the X chromosome (11, 
12). In this paper, the primary structure of a 5.37 -kilobase 
segment of genomic DNA containing the functional human 
GAPDH gene is presented. 

EXPERIMENTAL PROCEDURES AND RESULTS 3 
DISCUSSION 

This report describes the isolation and characterization of 
a human genomic DNA segment which contained a functional 
GAPDH gene. The isolated gene satisfied our screening cri- 
teria insofar as it is the only JjNA j^rnRr^tJn the human 
gemmiej^]^ and sequences similar to 

the extreme 3 ^unfranslate^ 

ilAEDHni^A (see Fig. 3). As seen in Fig^£^^^id-B, 
Southern blot analysis of human genomic DNA performed 
with a probe derived from intron B of the isolated gene 
detected one copy of the GAPDH gene. In contrast, a probe 

2 M. Alexander and H. M. Goodman, unpublished results. 

3 Portions of this paper (including "Experimental Procedures," 
"Results," Figs. 1-7, and Table I) are presented in miniprint at the 
end of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in the microfilm 
edition of the Journal that is available from Waverly Press. 
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Structure of Functional Human GAPDH Gene 



Fig. 8. Southern blot analysis of 
the human GAPDH gene* The struc- 
ture of the human GAPDH gene is 
shown with restriction enzyme sites used 
for Southern analysis; open boxes corre- 
spond to the exon segments in the hu- 
man GAPDH gene or the human 
GAPDH cDNA. Closed bars indicate in- 
tron segments in the GAPDH gene, 
DNA isolated from human placenta was 
digested with restriction enzymes and 
subjected to Southern blot analysis as 
described under "Experimental Proce- 
dures." £3 corresponds to the intron frag- 
ment used to hybridize human placental 
DNA digested with Pstl in lane A and 
Hindlll-Bgll in lane B. H corresponds to 
the S'«cDNA GAPDH fragment used to 
hybridize human placental DNA di- 
gested with Pstl in lane C and Hindllh 
Bgll in lam D, W corresponds to the 3'- 
cDNA GAPDH fragment used to hybri- 
dize placental DNA digested with 
Hindlll-BgH in lane E and Pstl in lane 
F. £3 corresponds to the 3 ' -flanking frag- 
ment of the human GAPDH gene used 
to hybridize placental DNA digested 
with Pstl in lane G and BindllhBgll in 
lane H. 
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derived from the 3 '-untranslated region of this gene detected 
one copy of the GAPDH gene and 10 copies of a processed 
GAPDH pseudogene {lanes G and H), We believe this pseu- 
dogene is the same DNA segment cloned by Hanauer and 
Mandel (12) because the axon portion of our 3' -flanking probe 
was sufficient in length (84 bases) and in sequence similarity 
(96%) to detect this pseudogene* This finding indicated that 
there are only two genes in the human genome with sequences 
similar to the 3 '-untranslated region of the GAPDH gene 
expressed in human tissues, the gene we have isolated and a 
processed pseudogene. For this reason, we are certain that we 
have cloned the unique GAPDH gene, 

Furthermore, the size of the active transcriptional unit was 
consistent with that predicted by Dani et aL (41) for the 
human GAPDH gene expressed in HeLa cells. An active 
promoter was located within 112 base pairs 5' to the start site 
of transcription of this gene. The mRNA encoded by this 
human DNA segment was correctly initiated (see Fig. 4)* In 
studies published elsewhere, we have shown that this mENA 
directed the synthesis of a full length polypeptide (38), Here 
we have demonstrated that after stable integration and 
expression of the gene in H35 hepatoma cells, an enzymati- 
cally active human GAPDH polypeptide was produced (see 
Fig, 5). Thus, we have isolated a functional GAPDH gene. 

Nevertheless, we and others (9-12) have detected a very 
large number of other GAPDH-related sequences in the hu- 
man genome with probes derived from the GAPDH cDNA 



coding region (see Fig, 8). Several groups have speculated 
about the functional significance of these genes. Acari et aL 
(36) have suggested that a fetal form of the GAPDH gene 
exists; however, their report was not confirmed by Fort et aL 
(34). The origin of the other GAPDH-related sequences re- 
mains unclear. It is likely that some may represent segments 
of other genes, such as kinases and dehydrogenases, which 
have acquired NAD binding or catalytic domains similar to 
those in the GAPDH gene through exon shuffling (42, 43). 
Alternatively, others may represent genes with structures 
similar to GAPDH, that perform different functions. 

By analyzing glycolytic enzyme activity in somatic hybrids, 
Bruns et aL (8) localized the GAPDH gene to chromosome 
12, However, in certain tissues, GAPDH is not a cytosolic 
protein and appears to mediate functions other than glycoly- 
sis. For instance, Tsai et al. (5) demonstrated that GAPDH 
bound to Band 3, the anion transport protein in erythrocyte 
cell membranes, is enzymatically inactive. Furthermore, 
GAPDH may have novel functions which are necessary for 
the formation of specialized membrane structures in brain 
(44) and skeletal muscle transverse tubules (45), For instance, 
Kawamoto and Caswell (46) have suggested that in rabbit 
skeletal muscle, GAPDH may function as a protein kinase. 
While glycolytic isoenzymes of GAPDH have not been found 
(8), the presence of a GAPDH protein which performs diverse 
functions in certain tissues raised the possibility that other 
GAPDH genes might exist in the human genome. However, 
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the recent cloning of p37, an intracellular membrane-associ- 
ated protein in human erythrocytes which is expressed on the 
extracellular surface of K562 erythroleukemia cells, unex- 
pectedly revealed this protein to be identical in sequence with 
the cytosolic form of GAPDH (37). Furthermore, comparison 
of the human GAPDH gene exon sequence to the combined 
sequences of GAPDH cDN As isolated from human adult liver, 
muscle, and erythrocyte suggested complete identity (see Fig. 
3). Thus, it appears the GAPDH gene we have cloned encodes 
the GAPDH protein that mediates both glycolytic and non- 
glycolytic functions in all human tissues* 

GAPDH is present in both prokaryotes and eukaryotes and 
is highly conserved. Such conservation makes the GAPDH 
gene a useful model for the study of evolutionay function of 
intervening sequences. Based on their studies of the chicken 
GAPDH gene sequence, Stone et al. (13) have proposed that 
the ontogeny for this highly conserved protein is the result of 
duplication events involving ancestral introns as well as ex- 
ons. The conservation of introns separating domains pre- 
dicted by these authors to occur in GAPDH genes of higher 
eukaryotes has been confirmed. The location of three inter- 
vening sequences which separate exons encoding four protein 
domains of the GAPDH protein detected by x-ray crystallog- 
raphy has been retained in the human GAPDH gene (47, 48). 
Specifically, intron IV in the chicken gene (intron D in the 
human gene) divides the two mononucleotide -binding do- 
mains; intron VI in the chicken (intron F in the human gene) 
separates the dinucleotide -binding domain (amino acids 1- 
149) from the catalytic domain (amino acids 149-312); and 
intron XI in the chicken gene (intron H in the human gene) 
separates the helical domain (amino acids 313-334). 

Three introns in the human gene corresponding to chicken 
introns VIII-X have been lost in tandem. Random intron 
deletions have been described in higher eukaryotic genes (49- 
51). However, the finding of a 10 -copy processed GAPDH 
pseudogene suggested a possible recombinant event between 
a retroviral cDNA and a GAPDH gene similar in structure to 
the chicken GAPDH gene. Based on a predicted mutation 
rate of 0.7% per million years in the nonfunctional GAPDH 
pseudogene sequence (51), this event would have occurred 
within the past 5.7 million years. Thus, our hypothesis would 
predict an intron/exon organization similar to that of the 
chicken GAPDH gene in primates such as baboons which 
diverged from pre-human primates before the GAPDH pseu- 
dogene was produced, whereas random deletions of these 
introns could have occurred at any time after the avian 
radiation of 270 million years ago. 

The 5'- and 3 '-flanking regions of this gene contain many 
repetitive elements. Eleven direct repeats were found in the 
5 '-flanking region ranging from 7 to 19 bases long. Data base 
searches revealed several sequences that may contribute to 
the regulation of the human GAPDH gene. Inverted repetitive 
elements CCGCCC-GGCGGG associated with upstream en- 
hancer elements for the human and mouse rnetallothionein 
genes (52-54) were present in position —972 to —950. A core 
enhancer sequence GTGGAAG described by Weiher et aL 
(55) was present on the noncoding strand of intron G. 
"CAAT" box sequences are usually located within 100 bases 
of the TATAAA sequence (56). A "CAAT" box sequence 
GGGCCAATCT, present in virtually al) globin genes, was 
located 203 bases upstream of the TATAAA sequence in the 
human GAPDH gene. However, analysis of constructs with 
deletions of the 5 '-flanking sequences had no more than a 
50% decrease in promoter activity when the CAAT sequence 
was removed. 

In studies published elsewhere, we have shown that the 



human GAPDH gene is regulated by insulin when transfected 
and expressed in differentiated F442A adipocytes but not 
preadipocytes (38). The differentiation of preadipocytes to 
adipocytes is stimulated by agents which demethylate chro- 
matin (57, 58). It is therefore of some interest that the 
GAPDH promoter was found in an area (—630 to -1 nucleo- 
tides) that is 65% G-C-rich, with 41 CpG dinucleotides and 
59 GpC dinucleotides. This area is similar to the well described 
Hpall tiny fragment islands that are characteristic of mam- 
malian housekeeping genes (59). It is possible that this Hpall 
tiny fragment island with 41 potential methylation sites may 
regulate GAPDH gene expression during the differentiation 
of preadipocytes. The availability of a probe which detects a 
unique GAPDH gene rather than the numerous pseudogenes 
present in the mammalian genome will make it possible to 
investigate whether methylation influences GAPDH gene 
expression during differentiation. 

Having isolated the human GAPDH gene, it will be feasible 
to delineate the sequences and characterize the factors re- 
sponsible for the transcriptional activation of this gene by 
insulin. These studies are currently in progress in our labo- 
ratory. We believe the isolation of the human GAPDH gene 
will afford many opportunities for understanding both gene 
expression in general and the final effector pathways for 
insulin action in particular. 
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EXPERIMENTAL PROCEDURES 



Clonina the Human GAPDH Gene : A chicken GAPDH cDNA (14) was used to screen a 
human fiver cDNA library (1SJ A full length human GAPDH cDNA clone was obtained; |he 
insert was excised and purified twice by Seaplaque agarose gel electrophoresis. The 
fragment was nick-translated by the melhod of Rigby, el at. (16) and used to screen 1 x 
10 6 plaques from an EMBL Sau3A partial library (17). Fifteen positive clones were 
subjected to restriction #ndonuclease mapping and Southern analysis (18). A 12 kb insert 
from a clone with a restriction map consistent wilh the presence of introns, and a 
hybridization pattern consistent with the presence of the enure human GAPDH coding 
sequence was subcloned into pUC12 <pghGAPDH)(19) and used for nucleotide sequencing 
analysis, and expression studies as described below. 

Nucleic Acid Sequencing : Restriction fragments of pghGAPOH were subcloned into 
either pUCl2 (mp18) or M13 (mp18 or mp19) vectors. Oligonucleotide primers 15 to 17 
nucfeotides m length were synthesized by the phosphoramtdile method on an automated 
Applied Biosyslem 380B DNA synthesizer (20) Double slranded pUCi2 templates were 
alkali denatured and eihanol precipitated as described by Chen and Seeburg (21) Single 
stranded M13 and double stranded denatured templates weie healed to 100"C for 2 mins 
in me presence of the appropriate oligonucleotide primer. The annealing reaction was 
allowed lo proceed for 20 mins at a temperature calculated to be 5 U C below the Tm ot 
the heteroduplexes The heteroduplexes were extended in the presence ot (35-S) alpha 
dATP using the Klenow fragment of DNA polymerase or reverse transcriptase as 
doscribed by Seed and Aruffo (22). The sequencing reaction mixtures wore denatured by 
heating to 100 V C for 2 mins and subjected to electrophoresis on preheated 5-10% 
polyacrylamide gels containing 42% urea. Gels were dried and autoradiographed with 
Kodak XAR film at 23"C for 12-96 hrs. Overlapping sequences were assembled and 
analyzed using University of Wisconsin Gonotics Group Software (23). 



Cellular Tra^lection Assays : Ten pg of pghGAPOH was cotranslected wilh 1 jig of 
pSV2noo (24) into H35 hepatoma cells (a gift ol John Koontz. University ot Tennessee) by 
the calcium phosphate precipitation method ot Gorman, el al. (25). H3S hepatoma cells 
containing stably integrated plasmids were selected oy resistance to 300 >ig /ml 
Geneticin (G418). Cell extracts were prepared for Western blot analysis, GAPDH 
enzymatic activity, and primer oxlonsion analysis as described below. 

5'flanking sequences of pghGAPDH were subcloned into pOGH, a promotoiless 
pi as mid containing a growth hormone reporler gene (a gift of Richard Selden, 
Massachusetts General Hospital). These constructs were transiontty transfoctod into L 
cells using the DEAE dexiran method (26) as modified by Selden. of a'.(27). Growth 
hormone secreted into ihe growth media of transacted cells was measured 24-48 hrs 
after transfeciion using a radioimmunoassay kit (Nichols). The lowest reproducible 
level of growth hormone detected is 0.1 ng/mt. DNA uptake was normalized by co- 
transfection with RSV-CAT, a plasmid containing the chloramphenicol acetyl 
Iransferase reporter gene driven by the Rous Sarcoma Virus promoter (26). Results are 
expressed as % increase t S E M. in ng/ml growth hormone secreted of constructs vs 
pOGH. normalized for chloramphenicol acetyl transferase activity. 

Primer Extension Analysts : The cell monolayer was washed twico with phosphalo- 
bulfered satine, and total cytoplasmic RNA was extracted from these monolayers as 
previously described (6). Identification of Ihe start site of transaction far rat and 
human GAPDH mRNA was determined by annealing 10 ug of cellular RNA with a {32p]end 
labelled oligonucleotide complementary to the coding region of both rat and GAPDH mRNA 
(S-CCATGTAGTTGAGGTCAATG-3). The RNA ON A duplexes were extended in the prosonce 
of reverse transcriptase (30). The extension products wore extractod with phenol, 
precipitated in the presence of 0.3M sodium acotato and 66% eihanol. Alter resuspension 
in distilled walor the extension products were heat denatured at 100*C for 2 mins and 
subjected to electrophoresis on preheated 8% polyacrylamide gels containing 42% urea, 
dried and subjectod to autoradiography at -B0"C (or 16 hrs. The extension products tor 
rat GAPDH mRNA and human GAPDH mRNA were predicted to be 195 nucleotides and 205 
nucleotides in length, respectively 
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GAPOH Activity . The cell monolayer was washed twice with phosphate buffered satin© 
and scraped into four volumes oi 10 mM Tris-HCl. pH 7 4. 1 mM EDTA. and 1 mM 2- 
mercaptoelhanol. The ceils were homogenized by repeated passage through a 27 gauge 
needle. The supernatant was prepared by cenlrifugatmn at too.ooo x g lor 60 mins at 
4"C. The protein contents of the supernatant tractrons were determined by Biorad assay. 
Ten pi ol ceti extract supernatant matched tor protein was subjected to electrophoresis 
(10 mWcm tor 6 hrs at 0*C) on non-denaturing 1% Seakem agarose or 14% starch 
horizontal slab gets which contained 8.7 mM TrisHCl, 2.9 mM sodium citrate. 0 67 mg/ 
ml NAD at pH 7.0. The electrode bulfor contained 0.13 M Tns-HCt. 0.043 M sodium 
citrate at pH 7.0 which was rapidty recirculated to prevent changes in pH. Following 
electrophoresis, GAPDH activity of cell exlract supemaianls was determined by 
histochemical staining ot the slab gels as described by W/ight. et a/.(28). Photographic 
negatives of GAPDH tetramers enzymes separated by gel electrophoresis were scanned 
an an LKB densitometer. 

SHUlhSLO Blotting : Human place ntal genomic DNA, GAPDH cDNA, and cloned genomic 
fragments were digested wi|h*^"pTcrprraftr-restriction endonucloasos, separated by 
electrophoresis on a i% agarose get and transferred to NEN GenoScreen Plus membranes 
as described by the manufacturer (New England Nuclear). Membranes were pre- 
hybridized for 24 hrs at 42 V C in the presence of 1% SDS. 1 M NaCI, 10% dextran sulfate, 
and 50% deionized formamtdo. Hybridization was performed under similar conditions in 
the presence of denatured probes labelled wilh P~PJ alpha ATP by priming with random 
hexamars followed by extension of these primers with Ihe Klenow fragment of DNA 
polymerase (29). After hybridization, membranes were washed lor 30 mins, twice in: 2x 
SSC Ox SSC - 0 15 M NaCI/0 015 M sodium citrate) at 23*C: 2x SSCn% SD5 at 65 b C: 
then 0 1x SSC at 23°C. The membranes wore dried and autoradiographed with Kodak XAH 
film at minus 80"C fnr 12-96 his.. The number of GAPOH-relaied sequences in the human 
genome was estimated by comparison of the signal strength of genomic DNA fragments 
to that of multiple dilutions ot cloned cDNA fragments. 



Isolation and Sequence Analysis of Putative Human GAPDH Genomic Clones. 

A human genomic library was screened with a full length human GAPDH cDNA probo. 
Of the 10 6 recombinant phage screened, 63 positives were detected. 15 of which were 
analyzed by restriction endonudease mapping. One of these clones lacked introns and 
was clearly a processed pseudogene. Threo independent clones had simitar maps 
compatible with the presence of introns. Southern blot analysis of these clones with 
oligonucleotide probes specific for the 5' and 3'-unlranslated regions of the human 
GAPDH cDNA suggested that one of these clones encompassed the entire coding region 
and one kitobase of S'-flankmg sequence in a 12 kb DNA fragment. The insert ot this 
clone was subcloned into the BamHI site of pUC12 (pghGAPDH). Limited sequence 
analysis of pghGAPDH confirmed the presence of introns. a TATAA box, a translation 
start and stop site, and a polyadanyiation signal, which suggested this clone encoded a 
functional gene. For further nucleotide sequence analysis and expression studies, 
subclones o( the pghGAPDH insert were constructed based on the restriction 
endonudease map seen in Fig 1. Nucleotide sequence was obtained on both strands by 
sequencing overlapping subclones or sequencing Ihe original pghGAPDH piasmid with 
oligonucleotide primers. Ambiguous sequences Item G-C rich regions were resolved by 
use of reverse transcriplase. 

As seen in Fig, 2 and Table l . the Isolated GAPDH gene consisted of 9 axons and 8 
introns. The 5' and 3 -end of the introns conformed to the eukaryolic gene splice 
donof/acceptoi consensus sequence AAG) GTRAGA/ ... /Y6-11|A (31). Typical eukaryotic 
signals for RNA polymerase II. TATAAA. and polyadenylation. AATAAA were present. The 
5' and 3"- Hanking regions of this gens were G C rich, 65% and 56% respectively. An 
additional conserved promoter sequence GGCCAATCT. the 'CAAT box* found in virtually 
all globm genes, was lound 203 bases upstream ol the human GAPDH TATAAA sequence 
(32,33). Seventy rime bases downstream ot the putative transcription start site (34), a 
sequence similar to ihe Kozak consensus sequence for initiation ol translation. 
GACACCATGG. was found (35). 

In Fig. 3 the exon sequence of the human GAPDH gene (iine a) was comparod to 
published sequences for muscle (12), liver (10.36), and erythrocyte (37) human GAPOH 
cDNAs in addition to the human GAPOH pseudogene (12). Of note, no single base 
substitution or deletion in the five published GAPDH sequences was collectively 
confirmed by the other four sequences. The human muscle cDNA sequence (line b) 
differed by one base at position 468, T for C. which did not change the amino acid 
sequence. Examination of the two reported cDNAs lor human liver GAPDH revealed a one 
baso substitution of G for C at position 279 in the sequence ot Tso, of a/. (10), (line c> 
which did not alter the amino acid sequence. The published liver GAPDH cDNA sequence 
of Acan, et at. (36)(line d), showed inree substitutions, A for G, G for A. and A tot G at 
posilions 746. 74 7, and 888 and an inversion of the 5' untranslated reoian from positions 
21 to 53, none of which were confirmed by the other GAPDH cDNAs. Examination of the 
erythrocyte GAPDH cDNA sequence (line e) revealed a ono base substitution of C far G at 
position 649 which did not change the amino acid sequence. The GAPDH pseudogene on 
chromosome X displayed 96% sequence identity to the human GAPDH genu exon sequence. 

The Isolated Gene Contains d functional Promoter and Encodes $ Functional 
Polypeptide. 

Restriction fragments ol Ihe human GAPDH gene containing the lollowing 
Hanking segments; -487n20. -268/+20. and -112 /«20 were subcloned inlo pOGH. a 
promorerfess piasmid which contains coding sequences from the human growth hormone 
gene (2f) Ihe construct from 268 to +20 included bolh TATAA and CAAT box 
sequences, while ihat from -112 to +20 was devoid of Ihe CAAT box sequence. These 
constructs wore transiently iransfected into I cells. In three experiments, celts 



transacted with constructs containing the GAPDH 5'- Hanking sequences extending to - 
112. -268. and 487 bases demonstrated a 3l7B% i 180. 5038% ± 92, and 6222% i 1142 
increase m growth hormone secretion respectively, as compared lo the pOGH piasmid 
alone which secreted 1.1 t 0.16 ng/ml ot growlh hormone. These experiments indicated 
that the isolated GAPDH gene contained a functional promoter within -112 nucleotides 
of Ihe putative transcription start site and lhat deletion ot the CAAT box sequence had 
oniy a modest effect on gene expression 

The pghGAPDH piasmid. containing ihe isolated human GAPDH gene, was sfably 
transtected into rat H35 hepatoma cells. One transacted cell line. 731 was used for Ihe 
experiments described below. Total RNA was extracted from human placenta, human 
JEG3 choriocarcinoma cells, rat H35 hepatoma cells, and 731 cells lor primer extension 
analysis as descrioed m Experimental Procedures. As seen in Fig 4, Ihe extension 
product for placenta or JEG3 choriocarcinoma cells was 205 nucleotides {lanes b and c) 
whereas ihe extension product from H35 hepatoma cells was 195 nucleotides (lanes d 
and e). in contrast, two distinct extension products identical in length to the extension 
products for human and rat GAPDH mRNA were seen in 731 cells (lane a). These data 
indicated that transcription of human GAPDH mRNA was cotrecily initiated irom the 
piasmid pghGAPOH Densitometry analysis ol an appropriately exposed autoradiogram 
revealed 73 1 cells contained 5-fdd more human GAPDH mRNA than rat GAPDH mRNA. 

In studies published elsewhere (38), we have demonstrated thai a lull longth 
(37kd) human GAPDH polypeptide producl is produced by 731 celts. To assess the 
functional activity ot this human GAPDH polypeptide, cell extracts were subjected to 
electrophoresis on non-denaturing starch slab gels. Fig 5. (lanes A-C) or agarose gels 
(lanes OE) at pfl 7.0. Under these conditions, GAPDH enzymes from H35 hepatoma colls 
migrated towards the anode (lanes B and E), and puhhed human GAPDH enzyme from 
erythrocytes migrated towards the cathode (lane A). Cells translected with pghGAPDH 
contained GAPDH enzymes wi|h a complex pattern of migration consistent wilh the 
random association of both human and rodent GAPDH subunits to form enzymalicalfy 
active chimeric lotramers (lane C). Chimeric GAPDH tetramers could be resolved on 1% 
agarose gois (Jane D|, Those enzymes detected closest to the cathode wore pure human 
GAPDH tetramer (HHHH), whereas chimeric tetramers of human and rodent GAPDH wore 
duteclert from the Cilhode to the origin (IIHHR, IIHRR, HRRR). Pure rodent tetramers 
(RRRR) were not deluded in 731 cells but were seen in non-transfected H35 cells (lane 
E) Pure erythrocyte GAPDH tetramers migrated in a pattern identical to that seen for 
HHHH teirarners in lane D (data not shown). Densitometry analysis ol both starch and 
agarose gels revealed that human GAPDH polypeptides contributed 6 told mora GAPDH 
activity than rodent polypeptides in 731 cells, consistent with the proportionate 
increase in human GAPDH mRNA as compared to rodent GAPDH mRNA. These data 
confirmed that pghGAPDH encoded a functional human GAPDH polypeptide product. 

Comparison to the Chicken GAPDH Gene. 

Primordial birds and mammals diverged approximately 270 million years ago (39), 
nevertheless comparison of the human and chicken GAPOH gene sequences revealed 
striking organizational similarities (40). As se&n in Fig. 6. the arrangement of exons 
differed only in the fusion of chicken exons VIII- XI inlo human exon 8. Exon lengths 
between the two genes were virtually identical from Exon 3 to Exon 8 (Table i). The 
overall length of the two genes was similar differing only by 70 bases in lengfh from ihe 
transcriptional start site to Ihe potyadenylation signal. This difference was due to the 
creation of a larger inlron B in the human sequence which is not entirely compensated by 
ihe intron losses that produced a fused exon 8. As seen in Fig. 7, dot plot comparison of 
the entire chicken GAPDH gene to the human GAPDH gene revealed striking sequence 
similarity between exons but only limited sequence similarities between introns and the 
5' flanking regions of {lie two genes. However, the immediate intron- exon borders did 
show significant similarity which may reflect a contextual conservation of those 
segments necessary lor organization of the splicing machinery in Doth organisms (Table 

Southern Blot Analysis of the Hum*n GAPDH Gene. 

Tso, el al. (tO)and Piechaczyk, et at. (9) have demonstrated that a large number ol 
GAPDH-reiated sequences exist in the human genome. To determine whether the isolated 
GAPDH DNA segment was unique, human place ntal DNA was digested with either Hindlll 
and Bgti. or Pstl and transferred to^ene^c7ew*-fnDs™m for Southern blot 

analysis _As seen_m jRg. a, a probe derived horn iniron„8Ldetected a 1.9 kb band in 
placental DNA digested" witiTPsTT fan eHY'and aTT" Kb band" inlhTptacemarONA-digested 
with Hindlll and Bglt (lane B) The sizes of these detected fragments are identical to 
those predicted based on the restriction map for this particular GAPOH gene. The signal 
intensity of in each digest indicated that ono copy ol this gene was present in the human 
genome The same results were oblained wilh lymphocyte DNA isolated from a different 
individual (data not shown). 

To ascertain whether a GAPDH gene with an intron structure more closely 
approximating that ot Ihe chicken GAPDH gene existed in the human genome. Southern 
blot analysis of human placental DNA digested with Psti was performed wilh a probe 
which contained 60 nucleotides 5' of AATAAA and the 3"-Hankinfl region of the gene 
(lane G). Only one copy of the predicted 1.1 kb GAPDH gone fragment was detected in 
Pell digests of placental DNA; a higher molecular weight band corresponding lo a copy of 
a gene with introns dividing Exon 6 was not found. Approximately 10 copies of an 
apparent 1.2 kb GAPDH pseudogene were detected wilh this probe. To confirm that the 
1.2 kb GAPDH-reiated DNA segment was a processed pseudogene. a full length human 
GAPDH cDNA was digested with Hindlll and fragments 5" or 3' to this site were used to 
analyze human placental DNA digested with Pstl. As seen in Fig. e (lanes C and F), bolh 
cDNA fragments detected the 1.2 kb processed pseudogene. In contrast lo ihe iwo DNA 
segmenis detected with a probe derived from the 3'- utitt anslated region ol the gene 
(lane G), the pattern of bands detected wilh Ihe 5" and 3'-GAPDH cDNA probes was 
markedly more complex (fanes C.O, E. F). These findings indicated thai three distinct 
types of GAPDH related sequences existed in the human genome: a unique functional gene, 
a 10 copy processed pseudogene. and numerous other GAPDH-reiated genes which 
diverged from the other two types in their 3' -untranslated regions. 
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FIG. t. Sequencing strategy for the human CAPPH gene. 

Restriction sites that were utilized to prepare Subclones for DNA sequencing are 
shown. Arrows indicate the direction and exleni of individual sequencing runs. Arrows 
with boxes indicate where unique oligonucleotide primers were used to confirm 
restriction sites. 
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CCArCCCCTGCTGGGACCCCOCACXKJOACCTCTTCCCACCGrGTGCCCAAGACCTCTTTr 
CCCACTT TTTCCC TCTTCTTCACTCACCCTOCCCTCAATATCCCCCGGCSCAGCAGTGAA 
AGGGAGTCCCTGGCrCCTGGCTCOCCTGCACGTCCCAaGOCGCXJCAGGGACrTCCOCCCT 
C AC GTCCCCC TCT TCOCCC CAGGCTGC ATGGAA TC AAAGGC AC AC TGTC IC TC T C CC TAG 

CATCCTGTCCTCCGCCTGGGGCCCCACCCCGGAGAGACCCCCTGGrGCACACACCGCCGG 
G A TTGTC TGCC C T AATT ATCAGGtCC A OGC TAC AGOGC TGC A GGACATCOTQACC I TCCG 
TCCAGAAACCTCCCCCtCCCCCrCAAGCC<XXTCCCT»(^TCCrrCCTCI^AGOCCCC 
C AG TGCCCA G TGC C CAO TGCC CAQCCC AGCC CTGGG TCCCA GAOATQCCAGGAGCCAGGA 

gatgc<x:agggggaagtggog<k;tgggaaggaaccacgg<x:ccccccccgagcccatggg 
cccctcc taggcc t t tccc tgagcaga ccqg tgtc ac taccgc agaocc tccaggagaag 
t tcccc aac tt tcccgcc t ctc agcc t ttoaaag aaag aaagggg aoqgggcaggccgcg 

TGCAGCC GCGAOC GO TGC TGGGC TCCOGC TCCAAT TCCCCATC TC AGTCGT TC C C AAAG T 
CCTCCTGTTTCATCCAAGCGrGTAAGGGTCCCCGTCCTTGACTCCCrAOrGTCCTOCTOC 
CCACAGTCCAGTCCTGGGAACCAGC ACCGA TCACC TC C A TCGfifiCCUXCXCAGTCCCT T 
CCCCCTACGTCGGGGCCCACACGCtCGGrGCGTGCCCAGnrGAACCAGGCGGCTGCGGAA 
A GT AGGCCC C0OC TACT AGCGGT T TTACGGGCGCACG TAOC T 

CCGCCTCCCGCOKGOCCCCCCrrTClAlAAATTGAGCCCOCAOCCTCCCOCrTCG/ 

♦1 

ICTCT [EXON 1] 

CTGCTCCTCCTGTTCGACAaTCAGCCGCATCtTCTTTTGCGrCGCCAGI 

(GTGAACACGGGC { INTRON A) 

GGAGAGAAACCCGCCAC^CTAG<«ACGOrcrCAAGOCG<X*^^ 



GTGTCGGCCGGGGCCACTAGGCGCTCACTGTTCTCTCCClCCGCOCAG) 

tCCGAOCCACATC ftXON 21 

GCTCAfiACACCAXfiOGGAAGGrGAAGGTCGGAGTCAACGGJ 

( GTG ACT TCCCOGGTGGC TOG I INTRON B ) 

CCCGAACCOCGTCTACG 



CCAlCTG«:CGGAGCCtCCTTCCCCTAGTCCCCAGAAACACGAGCrCCCrACTCCOGCCC 
GAGATCCCCACCCGGACCCCTAG^TGOGOGACWTTrcrtTCCTTrCGCOCTCIXXnOOa 



A TCOGC AOOC 0 TTAGGAAAQCC TOCCGGTGACT AACCC TG 
CGCTCCTGCCTCGATOGGTaGAGICCCCTGTGGCGOGGAAGTCAOGTGaAGCGAGGCTAG 



AG TOGO T TT A TOGAGGTC C TC T Ttj TG TCCCCTCCCOGCAGAGGTGT< 
CGTCKC AAOCCQOGAGAAGCTGAOTCAT0OGTAOTTOGAAAAQQAC A TT TCCAC C OC AAA 
ATG«XCCTCrCJGT«TG<XXCCTTCCTCCAOCGOC^ 

CTGCCAGCCTAQCGTTCACCCGACCCCAAAGOCCAGGCTGTAAATGTCACCOGGAOGATT 
GGG TGTC TGGGCGCC TC GGGGAACC TGCCC T fC TCCCC ATTCCGTC T TCCGGAAACCAGA 
TCTCC ACCGCACCC TGC TC TGAGGTC TGAGG TTAAATATAGCTCC TGACCTTTC TGTAGC 
TGGG<WCTGGGCr«XWTCTCTCCCATCCCrrTcrCCC(^CACACAtTJCACTTACCTGr 
GCTCCCACTCCTGATTTCTGCAAAA«AGCTAC?GAAOaACAGGCA«CTrOGCAAATCAAAG 
CCCTGGGACTAGCGC<JTTAAAATACAGCTTCCXX:TCTrCCCACCCGCCCCAGTCrCTGrC 
CCrTTTGTAGGACGCACTTAOAC^<JG<»T<XW^ 

TT TAC TC C TGCCC T TTG AG TT TGATCATGCTGAGTGT AC AAGCGT T TIC TCCC TAAAGGG 
TGCAGC T OA GCTAGGCA GCAGC AAGC ATT CC TQGGGTGGCATAOTQQQGTGGTGAAT ACC 
ATGTACAAAGCrTGTGCCCAGACrGTOOGTO<^ACTGCCCACAro<X;CGCTTCTCCTGGA 
AGGOC T T CG T ATGA C TGGCCC T C TTGOOC A OCCCTO0 AGCCT TCAQ T TOC AGCC ATGCC T 

CC TQGGGCT AAQGAQ ATOCTOC ATTCOCCC TCTT AATGOOQAOCTOQCC T AGOOCTOC TC 
ACATATTCTCK7AWAGCCTCCCCKCKAPGCCrTCTrGCCrCTrGrCTCTfAC) 

[ ATT TOG 

TCCTAT T06GC0CC TOOTCACCAOGGCTGCTTTT AAC rCTCGT AAAG TGG A TAT TGTTOC 
CATCAA TCACCCC T TCA TTGA C C TC AACT AC A TO ] 

{ GTQAOTOCTACATOOTQAOCCCCAAA 
GC TQGTGTGGGAGGAGCC ACC TOGC TOA TOOOC AGCCCC TTCATACCCTC ACGT ATTCCC 
CCAG) 

( OT T TAC A TO T TCC AA TA TGATTCCACCCATGOCAAAT TCCA TOOCACCCTC AAOOC 
TG AGAACGGG AAGC TTG TC A TC AATGOAAA TCCC ATC ACCATC TtCCAOOA ] 



CTCTCTGCTCCTCCTGTT CGACAGTCACCC CCATCT TCTTT T GCGT C GCC AGC CGA GCCA 6 0 



(EXON 3] 
( INTRON C> 
[EXON 4} 



AGACAGAATGGAAGAAATGTaCTTTCCCaAOOCAACTAGCATGGTGTOGCTCCCTTOOOT 
ATATCCTMCCTTOTOTCCCTCAATATOOTCCTOTCCCCATCTCCCCCCCACCCCOOTAG} 
( GCGAOAnrCCTCXrAAAATCAAGTCOOOCGAIYKTOGCQCTCAOTACOTCOtCGAGTCCAC 
TGGCGTCTTCACCACCATGGAGAAOGCTOGC] 

< OTGAGTGCAGOAOOGCCCGCOOO AOGGGA 

C) 

tOCTCATTTOCAOOGXJOOAOCC*AAAGOOTC»TCATCTCTCCC^ 
CATGTTCGTCATOOGTOTOAACCATGAGAAGTATGACAACAOCCTCAAOATCATCAG ] 

(OTG 

GGOCt:CaT^AaAAGCO<W;AOCX:TCOCA«XTA«^CACOCrCCCCrGA 



[EXON 4) 
(INTRON Ti 




AGCTGOGGAGGGAGGTAGAOGGGTGArGTGOOGAGTACGCTGCAOOaoCTCACTCCTTTT 
GCAOl 

fACCACACrCCAlX^CArCACTGCCACCCAGAAGACTXSnX^TGOCCCCTCCOOOAA 
ACTOTOGOTTGArOG^GCGCCCCTCTCCAOAACATCATCCCTra 
C AAOGC T GTGGOC AA OGTCATCCCTGAOC TOAACOGOAAQCTCAC TOGC ATGGCCTTCCG 
rGTCCCCACTaCCAACaTaTCAGTOOTaQACCTGAOCTGCCGTCTAC^ 
A TATG A T GAC ATC AAGAAOCTOCTGAAOCAGOCGTOGGAOGOCCCCC TC AAOGGCATCCT 
GGGCT AC AC TQAGC ACCAGGTGO TCTCCTC TOACT TC AA CA OCOACACCCACT CCTCC AC 
C TTTOACOCTOOGGCTOGCATTOCCC TCAACGACCACT T TC TCAAOC TC AT TTC C TG ) 

{OTA 

GGCTC AG AAAAAGGG CC C TGACAAC T CTTT TCA TCTTC T AO ) 

( O TATGA CAACOAA T TTOOC 

T AC AGC A AC AGOGTGGTGGACC TCA TOOC CCACA TOGCC TC C AAOGAGIAAGA C C CC TGG 



[INTRON H) 
(EXON 9] 



T G TOCTC AACCA I 

( GT T AC T TGTC C TO TCTTA TTC TAOGOTCTOGOOC AGAGOOOAGOGAAG 
C TOOGC T TO TGTC AAOO T GAGA C A T TC TTCC TOOGOAGOOACCfGQTATOT ICTCCTCAG 
AC TCA GGG T A GOGCC TCC AAAC AOC C T TGC T TOC TTCGACAA CCATTTXJC T TCC C GC TC A 
G ACGTCT TG AGTOCTACAOOAAQCTGCCACC ACTACTTCAG AGAACAAGGCCTT TTCCTC 
TCC TCGC TC C AG TCC TAGGCT ATC TGCTGT TGG C C AAAC AT G G AAGAAG C TAT TC TC TGG 
G C AOC CC C A G GGAGGC TG ACA GGTG G AOG AA GTC AOGGC TC GCACTGGG C TCTGACGC TG 
AC TGG T TAG TOGA GCTC AGCC TGGAGCTGAGCTGCAG (537 7) 



FIG. 2. Complete sequence of the human GAPDH gene end the Immediate 
flanking sequences. 

Underlined sequences inctudo GGCCAATCT (CAAT box). TATAM (RNA polymerase II 
entry site). GACACCATGG (Kozak consensus sequence lor the translational start 
site),TAA (the translational stop site), and AATAAA (the polyadenylation signal). ( ] 
indicates exon boundaries. { J indicates infron boundaries. The comptete sequence is 
5377 nucleotides in length. 
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iTGAAGGTCGGAGTCAACGGAT TTGCTCGT AT TGCC 

A c 
HvtOlylar »V* 1 Ly a V* IClyv* 1 AanCly? h.Gly Arg XlnGly 

CG C C T GG T CA CCACCCCT OCTTT T AAC TCT GOT AAAOT GGAT ATT GTTCCCATC AATCAC 
Ar gL4»uValThrA*gAlaAlAPh*Aan»»rClyLy aValAapi UV« 1A1* 11 •AanAap 

CC C T T CAT TGACCTCAACT ACAT GO TTT ACATG TTC CAAT AT OAT T C CAC C CATGGC AAA 

C C A 

Pro?h« I l4rt»pI«uA»nTyr»t4itV«iTyrM«itrh4»«lnTyrA«p»«rThrHi«01yLyi 

T T CC ATGG CA C COTC AAGGCTGAGAACGGGAAGC TT QT CATCAAT CCAAAT C C CAT C AC C 

0 

T 

Ph«HiaGlyThrVAlty«Al*GluA*nGlyLy*L«uV«lIl4UUnGlyAinrroIl«rhr 

ATCTTCCAOGAOCOAOATCCCTCCAAAATCAAGtCWOCCC^TGCTO^ 

I l«rh«QlnaiuAcgMprroi*rLy a I l*LyaTxpGlyAapAl aGlyAl •cluTyrV.l 

GTCGAG TCCAC TOflC CTCTTCAC CACCATG>COV3AAOOCTCCGCC rCATTTOCACOOOGQA 
A T C 

V«lGlu*4»rThrGlyV«lMnThrTTirttotGluLy*AlA01yAl8HiiL«uClnClyCly 

OCCAAAAOC^TCATCATCTCTGCCCCCTCTCCTOATOCCCCCATOTTCGTCATOOOTOTG 

T 

A T 

Al»Ly*AxaV«lIl.Il«l4.tAa*FroS.rAlAA»pAa*Frc*4«t»h«V*lM»tGlyV«l 

AA C CA TGAGAAGTAT OA C AA CA GC CT C AAOA T C AT C AGCAATOc C TCC TOCACCACCAAC 

A MOST 
A»nHt »GluLy«Ty rA«pA»nS*rL«uLy ■ 1 Iti l«S«rAanAl« MrCy •ThrThrAin 

TCCTTACCACCCrJTOOCCAACGTCATCCATCACAACTrrCCTATCCTCGAAWi^ 

Cy aXtvuAlaV r o tsuAla Ly bV* 1 1 1«HS aAapAanT hacly XlvValOluOly L*uMat 

ACC^CACTCCATGCCATCACTGCCACCCAf^OACTOTOOATC<7CCCC^ 

C 

T C 

ThrThrVAlKiaAlallaThrAl«Thr01nLyaTbrV*lAapClyFro»*raayLyaL«u 



GCTGTGCOCAAOOTCATCCCTGAX^TOAACOOOAAOCTCACTGGCATGXXrCTTCCGTOTC 
AG 

A T 
Al*V»lCiyLyaValIlaProGluLauAanGlyLy»L«uThr01yM4»tAl*rh*ArgVal 

CC CAC TGC CAAC 0 TOT C AO TOOT COACCTGAC CTGCC GTC T AOAAAAACCT GC CAAAT AT 

t troThrAl«AanValS«xVa IV* lAapLauThxCyaArglaiuaiuLyaF roAla Ly aTyr 

GAT CAC AT C AACAACG T TGAA GXKO TC OOAGOGC C CCCT CAAGC4K AT CCTGGGC 

A 

C A 
A«pAapriaLyaLyaValVAiLyaclnAl*s*r01uolyFroL«uLyaGlyrl«L4ju«ly 

TACACTGAGCACCAOGTOGTCTCCTCTCACTTCAACAOCOACACCCACTCCTCCACCTTT 
C ATC 
Ty rThr GluHi aolnva lValSart •rAapFh«AanI«rAapThrHl *s«r SurThrFh* 

GAC G3CT GGGGCT GCCAT T GCCCT CAAC GAC C ACT TTGTC AAOCTC A T T TCCTGGTATGAC 
AT T AT 

AapAlaGlyMaGlyIl*AlAL*uAanA«|>Hi«Ph«iValLyaL«uIl4it«rTrpTyrAap 

AACGAATTTCOCTACAGCAACAOOGTOOTOOACCTCATGCCCCACATOOCCTCCAAGGAO 

T A 
A4nCluJh«GlyTyrX»rAariArgValValAapL«ulN»tAIaHia>*<itAl*»«rLy«clu 



AAGACACAGACCCTCACTC 



CCATGTAGACCCCTTGI 



CGGCCTA'OGOAOCCOCACCTTCTCATGTA'CCATC 12«0 



0 

•G AAT 



FIG. 3. Comparison ot the human GAPDH gene axon sequence to other GAPDH 
sequences. 

The human GAPDH gene exorj sequence (a) and its deduced amino acid sequence |g). 
wera compared to the published cDNA sequences for human mu scle GAPDH (b) of Hanauer 
and Mandel (12). hyma^Jiver GAPDH (c) of Tsb, et at. ^0)7h^jn^n^^^^OH^(d) ot 



Acari. el a/.__(36) ." the" humarinrjTyT^cyle^APDTnaT^ a"Tiuman 
GAPDH pseudogeha (f) of HanauBr and Mandel (12). Only base differences with tne human 
axon sequence are shown. A bullet in (be sequence («) indicates a missing base. Dashed 
lines (-) indicate that a sequence was not reported in these areas. Ibo underlined 
sequences include the translational start site. Ihe translational stop site, and the 
polyadenylation signal. Note bases 21 to 53 of sequence d are entered as the reverse 
comptemenl of Ihe published sequence (36). 



Structure of Functional Human GAPDH Gene 
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RQ. 4, P/7wef exiensfon analysis 0/ GAPDH mftNA. 

Totat KNA was isolated (com human placental tissue, human J£G3 choriocarcinoma 
ceils, fat H3S hepatoma cells uansfected with pghGAPDH (731) and untfunsfected H35 
hepatoma calls. GAPDH mftNA was quantified by primer extension analysis as described 
in Experimental Procedures. The extension product for hitman GAPDH mftNA designaied H 
{20$ nucleolus) is 10 nucleolides longer than rat GAPDH mHNA designated ft (195 
nucieoiiaes). 

Lan« A: 731 cells heated wiih 1 mumil insulin tor 24 hrs prior to harvesting mRNA 
contained two predominant extension products, 205 and 19S nucleotides in length. 
Lane 8; Human ptacenta contained a single etstonston product or SOS nucleotides. 
Lane C: Human JkG-3 choriocarcinoma cells contained a predominant extension product 
of 205 nucleotides. 

tan* D: H3S rat hepatoma cell contained a predominant extension product of $35 
nucleotides. 

Lane £: H35 rat hepatoma colts treated with 1 mu?ml insulin (or 24 hrs prior to 
harvesting mFtNA contained a predominant extension product ol 195 oocieetidos, 



HUMAN 




Hgmon Rat 731 731 Rat 
FIG 5. txoenzyme mutysis of GAPDH proteins* 

A 14% starch got was used to compare thB histocheroicat activities and migration 
o( GAPDH rename ric eo«ymes. Ceil eslracls were matched tor protein and ware 
subjected to electrophoresis at pit ?,Q as described in exp&am&ni&t Procedure*, (-} 
indicates cathode, <o> indicates orimn, ana (*) indicates anode. 
Lane A; pure human erythrocyte GAPDH designated Human. 
Lane ft: M3S hepatoma ceil extracts designated RAT. 

Lens C: H35 hepatoma celt extracts transteeted wiih pghGAPPI i designated 731. 

A 1% Seakem agarose get was used to compare me fcisiochemicel activities and 
migration ol GAPDH tetrameric siuyrnes (Lanes O and £} as described in Exparmwittat 
Procociot&s. The agarose gel was aligned at its origin to that of the starch gets (Lanes 
A. 8, and C>. 

Lane t>; 7at celt extracts display lour distinct areas of GAPDH hiswehemicat activity 
corresponding to the association of human (ft) and rodent (ft) summits. p u re human 
GAPDH activity with (our human subunits HHHM displayed predominant cathodic 
migration. Chimeric enzymes with increasing rodent- subunit composition HHHfl, HHftft, 
and HRRR displayed decreasing caihodie migration. 

Lane H3§ hepatoma ceil extracts displayed only one tetramer RBRR which migrated 
toward the anode. 




FIG 6. Comparison of th& humm and chicken GAPDH genm, 

Tho DNA sequence of the human GAPDH gone is shown above the chicken GAPDH 
gene. Open boxes indicate axons. The sequences are aligned at the putative transcription 
initiation site for each gene. Lines between Ihe two genes indicate the toss ot chicken 
inirons 10 lorm a fused exon S in the human GAPDH gene, 
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FIG 7. Dot Plot comparison of human and chicken OAPDH gene sequences, 

The chicken GAPDH gone (V axis, and ihe human GAPDH gene sequence {X axis) were 
compared utilizing a Dot Plot ptogtam from the University of Wisconsin Genetics Group 
{23} Dots represent areas ot $ nucleotide sequence identity between the two genes. 
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Comp*rtton ot s&qu*nc«s from in* tpi/cm Junction borders of m# Hum*n *nd th» Chicken GAPOH Qtn*st< 
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